This paper presents new experimental data and an improved mechanistic model for the Gas-Liquid Cylindrical Cyclone (GLCC) separator. The data were acquired utilizing a 3" ID laboratory-scale GLCC, and are presented along with a limited number of field data. The data include measurements of several parameters of the flow behavior and the operational envelope of the GLCC. The operational envelope defines the conditions for which there will be no liquid carry-over or gas carry-under. The developed model enables the prediction of the hydrodynamic flow behavior in the GLCC, including the operational envelope, equilibrium liquid level, vortex shape, velocity and holdup distributions and pressure drop across the GLCC. The predictions of the model are compared with the experimental data. These provide the state-of-the-art for the design of GLCC's for the industry.
Introduction
The gas-liquid separation technology currently used by the petroleum industry is mostly based on the vessel-type separator which is large, heavy and expensive to purchase and operate. This technology has not been substantially improved over the last several decades. In recent years the industry has shown interest in the development and application of alternatives to the vessel-type separator. One such alternative is the use of compact or in-line separators, such as the Gas-Liquid Cylindrical Cyclone (GLCC) separator. As can be seen in Fig. 1 , the GLCC is an emerging class of vertical compact separators, as compared to the very mature technology of the vessel-type separator. The GLCC is a simple, compact, low weight and low cost separator. Therefore it is gaining in popularity as an attractive economical alternative to the conventional separator. As shown in Fig. 2 , the GLCC is simply a piece of pipe, mounted vertically with a downward inclined tangential inlet. The flow into the GLCC forms a swirling motion and the two-phases separate due to the centrifugal force. The liquid is forced radially to the wall of the cylinder and is produced from the bottom, while the gas is forced radially inward toward the center of the cyclone and exits from the top.
At present, the GLCC is used primarily as a gas knockout system upstream of production equipment. The compact GLCC is especially attractive in applications where only partial separation is required. Many wells in the U.S.A produce with a high GOR, and are candidates for partial separation 22 . Through the control of GOR the GLCC enhances the performance of multiphase flow meters, multiphase flow pumps, portable well testing equipment, flare gas scrubbers, slug catchers, de-sanders and conventional separators. The GLCC is also being considered for downhole separation and for primary surface or subsea separation.
A representation of the available literature on cyclone separators and related physical phenomena was given by Kouba et al. 15 A review of the literature reveals that very little information is available about the optimum design and performance of GLCC's. Despite the lack of performance information, several successful applications of GLCC separators were reported for multiphase separation, metering and pumping. These are briefly reviewed below:
Davies and Watson 8 and Davies 9 indicated the potential benefits of utilizing cyclone separators in an offshore environment. This was confirmed by comparative tests conducted by Oranje 20 . BHR Group has developed a GLCC to control the gas-liquid ratio to optimize the efficiency of a multiphase pump 1 . A GLCC with spiral vane internals was utilized by Arco 14 in Alaska. Alternatives for level control were explored in lab tests conducted by Kolpak 14 , including throttling floats and throttling diaphragm valves operated by the vessel hydrostatic head. The Naval Weapons Lab 4,5 considered application of GLCC's to remove gas from electrolyte used in large batteries. The GLCC used for this purpose had both tangential inlet and outlet. Chevron 15 has successfully built and operated several GLCC's for use in a multiphase flow meter loop for low GOR wells. The construction and installation cost for the field prototypes have totaled about $2,500 a piece.
Experimental and theoretical studies on the detailed hydrodynamic flow behavior in the GLCC are scarce. The only reference found which reports detailed measurements of the local tangential and axial velocity distributions in cyclone separators was presented by Millington and Thew 17 . The data revealed that the vortex occurring in the cylindrical cyclone separator with a tangential inlet is a forced vortex. They also reported that the cylindrical cyclone was superior to either the converging or diverging cyclones in terms of best balance between carry-under and carry-over performances.
Widespread use of the GLCC is hindered by the lack of complete understanding of the hydrodynamic flow behavior and the ability to predict its performance. This study is focused on collecting experimental data for the performance of the GLCC and developing a mechanistic model for the prediction of the hydrodynamic flow behavior in the GLCC. The aim is to provide a tool for the design of GLCC separators for the industry.
Experimental Program
Test facility. Following is a brief description of the different sections of the flow loop:
Metering Section. Fig. 3 shows a schematic of the metering section. The experimental data were acquired utilizing an air-water system. The air is supplied at a pressure of 115 psig. Both the air and water are controlled by needle valves and metered using a Coriolis and/or an orifice meter. The two metered phases are then combined in a mixing tee to obtain two-phase flow, which is further directed to the GLCC test section. The two-phase mixture flows from the GLCC into a separator, where the air is vented to the atmosphere and the water is returned to the water storage tank. All the instruments are connected to a data acquisition board and the data is stored using a computer based Labtech Notebook for windows software.
GLCC Test Section. The GLCC Test Section, shown in Fig. 4 , is comprised of transparent R4000 PVC pipes. The GLCC is a 3" ID pipe mounted vertically with a total height of 7'. Two-phase flow is introduced into the GLCC, 3' below the top, through a 2" ID, 27 degree downward inclined tangential inlet. The gas from the top of the GLCC is metered by a gas vortex shedding meter and the liquid from the bottom is metered by a Coriolis flow meter. The liquid level in the GLCC is determined by a sight gauge/level indicator. Three different recombination points are available utilizing the three different valves at the exit of the GLCC loop, as shown in the figure. Experimental Results. The GLCC was tested in a metering loop configuration, as shown in Fig. 4 . This configuration is capable of measuring individual flow rates of oil, water and gas, but requires nearly complete gas and liquid separation. Three sets of experimental data were obtained to characterize the performance of the GLCC. These are detailed below:
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Liquid Carry-over (Operational Envelope). Liquid carried over into the gas stream may foul the gas meter and compromise the accuracy of both the gas and liquid flow rates. The operational envelope for liquid carry-over indicates the flow rate combination at which liquid begins to be carried over into the horizontal gas leg. The data for the operational envelope was acquired in the following procedure: First the v sl is fixed, and the v sg is increased until liquid carry-over is observed in the top horizontal gas leg. This experiment is then repeated for a slightly higher value of v sl .
All these points are then plotted together to obtain the operational envelope. Data were collected for three different separator pressures of 0, 25 and 56 psig, as shown in Fig. 5 .
Four distinct mechanisms of liquid carry-over were observed. At high v sl , above 1.5 ft/s, and low v sg , less than 5 ft/s, the liquid level rises up to the gas leg due to both the higher pressure drop in the liquid leg and due to the swirl of the liquid, resulting in liquid carry-over. The system pressure has no effect on carry-over in this region. As v sl is reduced to below 1.5 ft/s and v sg is increased between 5 to 10 ft/s, the mechanism of carry-over changes. For these conditions the liquid in the GLCC churns above the inlet and is carried over in spurts. Increasing the operating pressure in this region has an effect due to the compressibility of the gas, resulting in liquid carry-over at lower v sl . The third mechanism is seen at low v sl , less than 1 ft/s, and high v sg , above 10 ft/s and below 25 ft/s. Onset of annular mist flow is observed and the liquid is now carried over in droplets. For these conditions the pressure has a definite effect on the data. Comparison between the present data and the data reported by Kouba et al. 15 is presented in Fig. 6 . Note that the present data are for a 3" ID GLCC while the data of Kouba et al. 15 were obtained for a 2" GLCC. The increase in the operatio - nal envelope region for the 3" GLCC is clearly demonstrated. The dashed region near the origin represents limited field data conditions reported by Kouba et al. 15 These data were acquired for a 6" GLCC unit operated at average pressure and temperature of 75 psia and 90 o F, respectively. Equilibrium Liquid Level. The equilibrium liquid level simply corresponds to the pressure drop across the GLCC, as observed in a sight glass level indicator. Because the frictional losses are low in the GLCC, the equilibrium liquid level indicates the amount of liquid in the GLCC. Due to the swirling, the actual level that the liquid reaches in the GLCC maybe much higher than the equilibrium liquid level. Fig. 7 shows the data for atmospheric pressure under normal operating conditions, below the carry-over envelope. Zero-net Liquid flow. Two-phase zero-net liquid flow phenomenon occurs in the upper part of the GLCC, above the inlet, prior to the onset of liquid carry-over. Although two-phase flow is observed under zero-net liquid flow conditions, only gas is produced off the top of the GLCC, while the liquid phase remains in the upper part of the GLCC. The liquid volume fraction in the upper part of the GLCC (above the inlet) is referred to as the zero-net liquid holdup, H l0 . Tests were conducted to determine H l0 in the upper part of the GLCC just prior to liquid carry-over.
The data were obtained by first shutting off the flow in the liquid leg, at the bottom of the GLCC, and completely filling the GLCC with liquid. Gas is then introduced into the GLCC at a constant velocity. Initially, both the gas and liquid are produced through the gas leg only. Once stable conditions are reached, only the gas continues to flow, whereas the liquid ceases to flow, and the zero-net liquid holdup is obtained, just on the verge of liquid carry-over. Data have been obtained for two separator pressures of 0 and 25 psig, as shown in Fig. 8 . At low v sg , less than 3 ft/s, the H l0 above the inlet is high and the change in operating pressure has no effect on H l0 . As the v sg is increased, the system pressure has a distinct effect. For higher pressures and the same v sg , a lower value of H l0 is obtained. At velocities above 15 ft/s for 0 psig, and 18 ft/s for 25 psig, no liquid can be sustained above the inlet and the H l0 tends to zero.
These velocities are termed as the "blow out" velocities, v bo . 
Mechanistic Model
The mechanistic model of Kouba et al. 15 forms the theoretical foundation for the model developed in this study. Significant improvements have been made to the prediction of the GLCC hydrodynamic flow behavior. Also, the new model includes, for the first time, the prediction of the operational envelope of the GLCC. This was made by addressing the following 3 questions concerning the onset to liquid carry-over: (1) How much liquid there is in the GLCC (Equilibrium liquid Level)? (2) How is the liquid distributed (Gas-Liquid Interface)? and (3) How much liquid can be tolerated in the upper part of the GLCC before liquid carryover is observed (Zero-net Liquid Holdup)? The sub-models presented in the following sections provide the answers for these questions. Finally, these sub-models are combined for the prediction of the liquid carry-over operational envelope. The GLCC geometrical parameters and nomenclature for the model are given in Fig. 9 . Equilibrium Liquid Level. Determination of the equilibrium liquid level is important for the prediction of both liquid carry-over and gas carry-under. For proper operation of the GLCC, the liquid level must be maintained below the inlet to avoid gas flowing through the liquid stream and carrying liquid into the gas leg. Also, the liquid level should be sufficiently high above the liquid exit at the bottom of the GLCC. This is done in order to avoid gas carry-under in the liquid stream and prevent gas liberation in the liquid meter. Therefore, it is essential to be able to predict the liquid level for proper operation of the GLCC. The liquid level can be determined for the metering loop configuration by balancing the pressure in the gas and the liquid legs, between the inlet and outlet of the GLCC (P 1 and P 2 in Fig. 9 ). This model neglects any hydrodynamic interactions between the gas and the liquid phases.
Following Kouba et al. 15 , the pressure drops in the liquid and gas legs are given, respectively, by ( ) where Φ l and Φ g are the frictional pressure losses in the liquid and gas sections, as given: The first terms in the parentheses of Eqs. (3) and (4) represent the frictional losses in the different pipe segments of the loop and the second terms represent the losses in the different piping fittings.
Equating the pressure drops in the liquid and gas sections, as given by Eqs. (1) and (2), the liquid level can be solved as follows:
.(5)
Gas-Liquid Interface. The physical model for the determination of the gas-liquid interface shape is given in Fig. 10 . The main assumption is that the tangential flow from the inlet into the GLCC generates a forced vortex. This was substantiated by Millington and Thew 17 . The model is essentially a pressure balance between points 1 to 4. The pressure drops between points 1 to 2 and 3 to 4 are simply due to the hydrostatic head in the gas and the liquid phases, respectively. No pressure change is assumed in the gas between points 4 to 1. To close the pressure "loop" the pressure change between points 2 to 3 is needed. This pressure difference is due to the centrifugal force acting on the twophase mixture, and can be calculated as follows.
The tangential velocity distribution for a forced vortex is of the form ( ) The liquid holdup is given by (15) where Lg 1 is the total height of the GLCC above the inlet (see Fig. 9 ). Churn/slug flow occurs only in the lower region, right above the inlet, while at the top region, liquid is present primarly in the form of droplets. The length of the droplet region, L d , can be determined from a simplified droplet ballistic analysis 2 . It is equal to the trajectory length of a fine droplet, assuming that the gas void fraction in this region is approximately one. This results in the upward gas velocity being approximately equal to the superficial gas Note that Eq. (16) can be rearranged to determine the blowout velocity, v b0 . This is the droplet velocity (v sg in Eq. (16)) for which the length of the droplet region, L d , is equal to the total height of the GLCC above the inlet, Lg 1 . Clearly, for these conditions the zero-net liquid holdup, as given by Eq. (15), tends to zero.
Operational Envelope (Liquid Carry-over). Utilizing the above sub-models, prediction of the operational envelope is carried out in the following procedure:
1. Choose a superficial gas velocity 2. Determine the maximum liquid holdup that can be tolerated in the upper part of the GLCC above the inlet, using the zero-net model, Eqs. (13) to (16) (17) 4. Determine the pressure drop in the gas leg, between the inlet and the outlet of the GLCC. The gravitational and frictional pressure drops in the upper of the GLCC should include the effect of the presence of the liquid phase at zero-net flow conditions, as follows: The total pressure drop in the gas leg is 
Note that the second term on the right hand side is an equivalent height based on the zero-net liquid holdup predicted by Eq. (15). 6b. For the case of high superficial gas velocities (and low superficial liquid velocities), for which conditions L d ≥ Lg 1 and H l0 0 ≈ , the equilibrium liquid level is located below the inlet as given by
where v b0 is the blow-out velocity, as explained below Eq. (16) and v ct is the critical gas velocity required to initiate carry-over in the form of fine droplets 15 , namely, (27) Note that in Eq. (26) both v b0 and v ct are determined from the proposed model. However, it is assumed, based on experimental observations, that the equilibrium liquid level for these conditions is a linear function of the superficial gas velocity.
7. Determine the pressure drop in the liquid leg 10. Repeat the whole procedure for different values of superficial gas velocities to obtain the entire operational envelope.
Results and Discussion
The proposed model was tested against the experimental data. Fig. 11 shows the comparison between the model predictions and the experimental data for the equilibrium liquid level under normal operating conditions below the operational envelope, as given by Eq. (5). Excellent agreement is observed between the model prediction and the data. The model can now be used for proper design of GLCC separators and external flow loop components, utilizing the following design criteria:
(1) GLCC Diameter: The diameter needs to be large enough so that the gas velocity is less than the critical velocity required to lift the smallest liquid droplet out of the GLCC, as given by Kouba et al. 15 . (2 flow meter to avoid liberation of gas from the liquid phase and also to prevent gas from being carried under. Also, the liquid level should be low enough below the inlet in order to avoid liquid carry-over. (5) GLCC Gas Section: The length of this section should allow some capacity for flow rate fluctuations such as those occurring during slugging. (6) External Loop Components: The external loop piping, fittings and meters should be selected to minimize pressure drop. The balance of pressure drop between the gas and liquid legs controls the liquid level in the GLCC, which in turns controls the range of acceptable flow rates for the GLCC.
Conclusions
Experimental data have been collected for the hydrodynamic flow behavior in a 3" lab scale GLCC separator. The data include the operational envelope for liquid carry-over and the important hydrodynamic parameters of the flow such as equilibrium liquid level, zero-net liquid flow in the upper part of the GLCC and the total pressure drop across the GLCC unit. A mechanistic model has been developed and is capable of predicting the general hydrodynamic flow behavior in the GLCC. These include holdup and velocity distributions, gas-liquid interface shape, equilibrium liquid level and total pressure drop. Knowledge of hydrodynamic flow behavior enables, for the first time, the prediction of the operational envelope for liquid carry-over. Good agreement is observed between the prediction of the model and the experimental data, providing a state of the art tool for a proper design of GLCC separators in the industry. University Separation Technology Projects (TUSTP) for supporting this work. 
